Abstract: The resistance-demand approach has emerged as an effective approach for determining the shear capacity of reinforced concrete beams. This approach is based on the fact that both the shear resistance and shear demand are correlated with flexural tensile strain from compatibility and equilibrium requirements. The basic shear strength, under a given loading is determined from the intersection of the demand and resistance curves. This paper verifies the applicability of resistance-demand procedure for predicting the shear capacity of high strength concrete beams without web reinforcement. A total of 18 beams were constructed and tested in four-point bending up to failure. The test variables included the longitudinal reinforcement ratio, the shear span to depth ratio, and the beam depth. The shear capacity of the beams was predicted using the proposed procedure and compared with the experimental values. The results of the comparison showed good prediction capability and can be useful to design practice.
Initial concrete compressive strain e
Shear failures in reinforced and prestressed concrete members are sudden and catastrophic in nature and should be avoided in the design process. That is why reinforced concrete members are first dimensioned in flexure and then verified for shear. The effect of shear is to induce tensile stresses which may result in diagonal cracks. Diagonal cracks occur when these stresses along with the longitudinal stresses due to bending exceed the tensile strength of concrete. Unless appropriate amounts of web reinforcement have been provided, these diagonal cracks can result in a premature shear failure. Most of the shear design provisions superimpose the shear strength of a flexural reinforced concrete member into two components. The two components comprise the concrete contribution to shear strength, V c , and the shear reinforcement contribution, V s . The provisions give separate design equations for evaluating V c and V s . The design shear strength is therefore the summation of V c and V s , multiplied by a suitable strength or material reduction factor.
Generally, the concrete contribution V c to shear strength of reinforced concrete beams is affected by five principal variables. These variables include the concrete tensile strength, f t , usually expressed as a function of the compressive strength; the longitudinal reinforcement ratio, q = A s /b w d; the shear span to depth ratio, a v /d or M/Vd; the axial force or amount of prestressing, if exists; and the depth of the member to account for size effect (ACI-ASCE 445 2009). Several multi-parameter empirical equations have been developed for evaluating V c shear component (Kim and Park 1996; Rebeiz 1999; Okamura and Higai 1980; and Zsutty 1968) . However, shear empirical equations have been recognized to produce a large degree of scatter due to the scatter in test results and to the uncertainty in assessing the influence of complex parameters in a simple formula (ACI-ASCE-445 2009).
Previous studies have indicated that shear strength in concrete beams decreases with increase in strain in the longitudinal reinforcement through various hypotheses (Vecchio and Collins 1986; CSA Committee A23.3 2004; AASHTO 2008; Muttoni and Ruiz 2008) . Another family of theoretical models relates concrete shear strength to the strain in the longitudinal reinforcement through various hypotheses regarding the crack location, orientation and the state of strain or stress (Zararis and Papadakis 2001; Tureyen and Frosch 2003; Park et al. 2006; Jeong and Kim 2014) . Recently, Shuraim (2014) introduced an approach, which relates the shear strength capacity or shear resistance in a concrete beam with the internal shear resulting from applied load, thus termed as shear demand.
This investigation focuses on evaluating the shear strength of reinforced concrete beams without transverse reinforcement. This study is of a relevant importance to structural concrete members that are constructed without transverse reinforcement such as slabs, footings, joists, and lightly stressed members. The beams were cast using concrete strength of 55-60 MPa representing the low class of high strength concrete (HSC) that is commonly used in HSC applications in the local construction industry. One feature of HSC that affects the structural response is the tendency of cracks to pass through instead of around the aggregates due to the smaller difference between the strength of aggregate and concrete matrix. This creates smoother crack surfaces, reducing the contribution of aggregate interlock and hence, reducing the shear force carried by concrete V c (El-Sayed et al. 2006; Harkouss and Hamad 2015) . As a result, higher dowel forces occur in the longitudinal reinforcing bars. These higher dowel forces together with the highly concentrated bond stresses in HSC beams, result in higher bond-splitting stresses where the shear cracks cross the longitudinal tension bars. These combined effects can lead finally to brittle shear failures. The applicability of the resistance-demand procedure is examined by comparing the predictions of the procedure with the experimental shear strength of the beams. The results of the comparison are presented and discussed.
Resistance-Demand Procedure for Shear
The design procedure developed earlier (Shuraim 2014) involves two elements. First, shear resistance relationship which expresses the shear degradation as a function of the longitudinal strain in the bottom reinforcement, among other variables. Second, shear demand relationship which represents the required shear as the applied load increases, and also can be expressed as a function of the longitudinal strain in the bottom reinforcement. Typical curves are shown in Fig. 1 .
Shear Versus Strain Relationship
The shear resistance-longitudinal strain relationship is expressed as follows:
where f 0 c is the concrete compressive strength, b w is the web width of the beam, and d is the effective depth of the bottom reinforcement. Finally, the longitudinal strain is expressed as follows with reference to Fig. 2 . 
Shear Demand Curve
For a simply supported beam subjected to two concentrated loads, V i D , at a shear span, a v , the internal shear force and moment diagrams are as shown in Fig. 3 . The shear demand that is associated with a particular shear resistance and longitudinal strain, e i x , is computed from M i s and a v , such that:
Repeating the process for a sufficient number of concrete top strains such that (e 
Size Effect Factor
Studies (ACI-ASCE Committee 445 2009) have shown that there is a significant size effect or depth of member effect on the shear strength of members without transverse reinforcement where the average shear stress to cause failure decreases with the increase of the effective depth. Several models have been proposed in the literature to account for such an effect. This study adopts a size reduction factor following the Canadian Standard CSA S806 (2012). The size factor is to modify the basic shear strength, such that:
Experimental Program
The experimental program described in this paper consisted of shear tests on 18 full-scale reinforced concrete beams without stirrups. The test variables included the amount of longitudinal reinforcement, the shear span to depth ratio, and the beam depth.
Material Characteristics
The target compressive concrete strength of the concrete used in the beams was 55-60 MPa after 28 days which represents the lower category of HSC. The concrete was provided by a local ready-mix supplier. Table 1 gives the mix proportions of the concrete used in this study. Standard concrete cylinders 150 9 300 mm were cast during casting the beams and cured under the same conditions as the test beams. The average compressive strength at the time of beam testing, based on standard tests on concrete cylinders, ranged between 59.6 and 64.3 MPa.
Deformed steel bars were used in reinforcing the test beams. Steel bars with diameters of 12, 14, 18, and 20 mm were used as main tensile reinforcement while steel bars with diameter of 10 mm were used as top reinforcement. The actual tensile properties of the reinforcing bars were determined using standard tensile tests performed on three samples of each bar size. The actual properties of the bars are given in Table 2 .
Test Specimens
A total of 18 full-scale reinforced concrete beams were constructed and tested up to failure. The test beams were divided into two main groups according to the beam depth. Group I comprised 9 beams with a total depth of 700 mm and Group II comprised 9 beams with a total depth of 400 mm. Three different reinforcement ratios, q, of 0.73, 1.21, and 1.83 % were used along with three different a v /d ratios of 3, 4, and 5. All beams had the same beam width of 250 mm and the beam length was 6.0-7.3 and 4.5 m for beams of Group I and II, respectively.
All beams had overhang length of 252-345 mm beyond the supports on each side as anchorage length for the reinforcing steel to avoid premature bond failures prior to shear failures. In addition, both overhangs behind the supports were provided with 8 mm-diameter steel stirrups (3 stirrups each) to enhance the bond behavior and to fix the longitudinal bars in their positions. No stirrups were included within the shear span of the beams between the point load and support. The details of the test specimens are given in Table 3 and shown in Figs. 5 and 6. The designation of the beams uses the character B standing for beam and the first number 700 or 400 refers to the beam depth. The second number (3 to 5) stands for a v /d ratio. The characters r1, r2, and r3 refer to the reinforcement ratio of 0.73, 1.21, and 1.83 %, respectively.
Test Setup and Instrumentation
The beams were simply-supported and tested in four-point bending. Each tested beam was loaded directly on the top compressive face with two equally concentrated loads according to the considered a v /d and supported at the bottom. The beams were tested using closed-loop Instron actuator with a capacity of 500 kN.
Electrical resistance strain gauges were attached to the reinforcement and concrete surface. In each beam, electrical resistance strain gauges were bonded to the reinforcing steel at various locations along the length of the beam and were bonded to the top concrete surface at midspan of the beams. The deflection at midspan was measured using two LVDTs at each side of the beam. During testing, load was monotonically applied at a stroke-controlled rate of 1.0 mm/min and the formation of the cracks on the sides of the beams were also marked and recorded. The applied load, displacements, and strain readings were electronically recorded during the test using a data acquisition system.
Test Results and Discussion
A summary of the beam test results is presented in Table 4 . It should be noted that each beam was symmetrically loaded with two concentrated loads and consequently, the shear force equals half the total applied load.
Load Deflection Response
The applied load versus midspan deflection plots for the tested beams are shown in Fig. 7 . Each plot presents the deflection response of beams with different q but having the same a v /d. Table 4 gives also the midspan deflection at failure for each beam. The load-deflection relationship was approximately bilinear for all beams except beam B400-5-r1 with lower q which showed trilinear behavior. For each figure and for the bilinear behavior, the first part of the loaddeflection plot up to flexural cracking was similar representing the behavior of the uncracked beam utilizing the gross moment of inertia of the concrete cross-section. The second part, post-cracking up to failure, represents the cracked beam with reduced moment of inertia. In this part, the flexural stiffness of the tested beams was affected by the amount of reinforcement showing increased stiffness with the increase of q. Beam B400-5-r1 of trilinear behavior showed yielding plateau in the third part of the curve indicating that the reinforcing steel yielded before shear failure.
Crack Patterns and Modes of Failure
Similar characteristics of crack patterns were observed for all eighteen beams. Crack formation was initiated in the flexural span between the two concentrated loads where the flexural stress is highest and shear stress is zero. The cracks were vertical perpendicular to the direction of the maximum principal tensile stress induced by pure bending. As load increased, additional flexural cracks opened within the shear span. However, because of the dominance of the shear stresses, the cracks became progressively more inclined and propagated towards the load points leading finally to diagonal tension failure. The failure modes of the eighteen beams are given in the last column of Table 4 . All beams failed in diagonal tension except beam B400-5-r1 which failed in flexure by yielding of the reinforcing steel followed by concrete crushing. Figures 8 and 9 illustrate by photographs the flexural failure mode of beam B400-5-r1 and the typical diagonal tension failure mode of the beams of this investigation. Table 4 gives the measured midspan strains in the reinforcement and concrete at failure for each beam. The concrete compressive strains at failure ranged from 535 to 1283 micro-strain. The tensile steel strains were lower than the average yield strain of 2900 micro-strain for the majority of the beams, as given in Table 4 . For beam B400-5-r1 that showed yielding plateau (Fig. 7) , the maximum steel strains measured was 9013 micro-strain. Beams B700-5-r1and B400-4-r1showed slightly higher steel strain than the average yield strain; indicating that the two beams started steel yielding prior to the onset of shear failure.
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Ultimate Shear Strength
All beams failed in diagonal tension shortly after the formation of the critical diagonal crack except beam B400-5-r1which failed in flexure. The shear strength of flexural members without web reinforcement is identified by the formation of the critical inclined crack and the subsequent sudden drop in load carrying capacity. In general, for members with a shear span to depth ratio, a v /d, greater than 2.5, the difference between the critical inclined cracking shear capacity V cr and the ultimate shear capacity V u is small. Therefore, for such members, the inclined cracking shear capacity can be assumed to be the same as the ultimate shear capacity for all practical purposes (Tureyen and Frosch . In addition, shear strength at ultimate failure is a more defined and reliable measure than cracking shear strength (Rebeiz 1999) . This investigation adopts the ultimate shear capacity V u as the concrete shear capacity V c . The experimental ultimate shear strengths, V u exp , of the tested beams are given in Table 4 . The effect of the amount of the steel reinforcement on the ultimate shear strength of the tested beams is shown in Fig. 10 for the two groups of beams. The vertical axis in the figure represents the experimental ultimate shear strength while the horizontal axis represents the reinforcement ratio, q. It can be noted that increasing q from 0.73 to 1.21 % increased the shear strength by 24 to 34 % for beams of Group I and by 14 to 39 % for the beams of Group II. Also, increasing q from 1.21 to 1.83 % increased the shear strength of Group I-beams by 10 to 31 % and increased the shear strength of Group II-beams by 6 to 40 %.
The variations in ultimate shear strength with the shear span-to-depth ratio, a v /d, are shown in Fig. 11 for the two groups of beams. The figure shows that the ultimate shear strength increased with decreasing a v /d. Decreasing a v /d from 5 to 4, increased the shear strength by 1 to 13 % for Group I-beams and by 13 to 40 % for Group II-beams. In addition, decreasing a v /d from 4 to 3 increased the shear strength by 10 to 26 % for Group I-beams and by 13 to 24 % for Group II-beams.
To show the effect of the beam depth on the shear strength of the test beams, the test results of beams of Group I were compared with their counterparts of Group II which had the same q and a v /d, as presented in Fig. 12 . In this figure, the shear stresses at failure were plotted against the beam effective depth. The shear stresses were normalized with respect to the cube root of concrete compressive strength to account for the difference in concrete strength 
Comparison of Resistance-Demand Predictions and Experimental Results
The ultimate capacity of the test beams was predicted using the proposed resistance-demand procedure. The predicted shear strength V Ã RD of the tested beams is given in Table 5 . It should be pointed out that the shear strength of the beams was calculated at the critical section which is located at a distance d from the point load. Figure 10 plots the shear resistance and shear demand curves against the rebar strain for beam B400-3-r3 as a typical. The figure indicates that both shear resistance and shear demand of the beam are strongly affected by the strain in the reinforcement. The intersection of the two curves gives the shear strength V RD of the beam. Then, V RD is multiplied by the size effect factor according to Eq. (4) to obtain the shear strength V Ã RD of the beam. A comparison of the predicted shear strength with the experimental ones is also provided in Table 5 . The results of the comparison indicate accurate and consistent predictions for the ultimate shear strength of the tested beams. The average ratio of V u exp =V Ã RD was 1.08 with a coefficient of variation of 9 % for the beams of Group I while the corresponding values for beams of Group II were 1.1 and 9 %.
To further examine the proposed procedure for capturing the effect of the test parameters on the shear capacity of the tested beams, the predictions were compared with the experimental ones with the variation of q, a v /d, and d in Figs. 11, 12, and 13, respectively. The presentation of the prediction results versus the reinforcement ratio shows a proportional increase of shear strength with the increase of flexural reinforcement for all beams, as shown in Fig. 11 . Figure 12 presents the resistance-demand calculations versus the shear span to depth ratio. The figure shows that the proposed procedure captures the trend of the increase of shear capacity with the decrease of shear span to depth ratio.
The resistance-demand predictions represented in terms of normalized shear stresses are plotted against the beam depth in Fig. 13 . The figure indicates that the size effect on shear strength is reflected by the proposed procedure as the predicted normalized shear stresses of the beams decreased with the increase of beam depth. It is interesting to notice that the level of accuracy for the predictions is approximately comparable for the two groups of the tested beams as the average ratio of V u exp =V Ã RD is almost the same for the two groups as given in Table 5 . This indicates that the size effect factor considered in the proposed procedure is capable of capturing such an effect in a consistent way.
Conclusions
The shear strength and behavior of reinforced concrete beams with low class of HSC (f 0 c = 55-60 MPa) were investigated and presented. A total of eighteen full-scale beams without web reinforcement were constructed and tested up to failure. The test variables included the reinforcement ratio, the shear span to depth ratio and the beam size. The shear strengths of the tested beams were analyzed using a rational procedure proposed based on resistance-demand approach. The main findings of the study can be summarized as follows:
1. In general, the shear strengths of the beams were increased with the increase of the longitudinal reinforcement ratio and with the decrease of the shear span to depth ratio. In addition, the shear stresses at failure decreased with the increase of beam depth indicating size effect. 2. One important feature of the proposed resistancedemand procedure is that both shear resistance and shear demand of the beams are dependent on the strain in the reinforcement. While the shear resistance of the beams decreases with the increase of the reinforcement strain, the shear demand increases. 3. The proposed procedure showed good and reliable predictions of the shear strength of the tested beams.
The procedure was capable of capturing the effect of the design variables on the shear strength of the beams in terms of accuracy and consistency.
